Background: Myosin II heavy chain kinase A (MHCK-A) is a member of the atypical ␣-kinase family. Results: The catalytic and nucleotide binding properties of the MHCK-A kinase domain are characterized. Conclusion: ␣-Kinases convert ATP to adenosine via formation of an aspartyl phosphate intermediate.
Protein kinases that phosphorylate serine, threonine, or tyrosine residues regulate a myriad of cellular signaling events in eukaryotic cells and, as such, represent important therapeutic targets for a variety of diseases and disorders. Most protein kinases belong to the eukaryotic protein kinase (ePK) 4 superfamily and contain a highly conserved and extensively characterized catalytic domain (1) (2) (3) (4) . A smaller number of protein kinases, often termed "atypical" protein kinases, have catalytic domains that exhibit no detectable sequence similarity to the ePKs. One widespread family of atypical protein kinases, present in organisms ranging from single-celled protozoa to mammals, is named the ␣-kinases (5, 6) . The ␣-kinases phosphorylate serine and threonine residues, with some members displaying a high degree of specificity for threonine (7, 8) . Well studied ␣-kinases include Dictyostelium myosin-II heavy chain kinase-A (MHCK-A), which phosphorylates the tail of myosin-II to control the timing and spatial location of myosin-II bipolar filament assembly (9 -12) , and the eukaryotic elongation factor 2 kinase, which phosphorylates eEF2 to inhibit ribosomal protein translation elongation and control cell growth (13) (14) (15) . The transient receptor potential melastatin-like 7 (TRPM7) ion channel contains a C-terminal ␣-kinase domain that, like MHCK-A, regulates myosin-II filament assembly (16, 17) . Proteolytic cleavage of the ␣-kinase domain from TRPM7 allows the kinase domain to translocate to the nucleus, phosphorylate histones, and regulates gene expression (18) .
X-ray crystal structures for the ␣-kinase domains of TRPM7 and MHCK-A have been solved (19, 20) . The ␣-kinase domain, like the ePK domain, is bi-lobed with the active site located in a wide cleft at the interface between the two lobes. The ␣-kinase N-lobe and the ePK N-lobe have a similar architecture composed primarily of ␤ strands, whereas the two kinase families have distinct C-lobes. One unusual feature of the ␣-kinase C-lobe is that it contains a tightly bound zinc atom that is essen-tial for stability. Despite these differences, the ␣-kinase and ePK active sites share many features in common and contain a fairly well conserved set of catalytic residues. Thus, the ␣-kinases can be considered divergent members of the protein kinase-like (PKL) superfamily (1, 3) .
The roof of the ␣-kinase catalytic cleft is formed by the ␤5, ␤6, and ␤7 strands in the N-lobe. The ␤5 and ␤6 strands are connected by the P-loop, which helps to bind and orient the nucleotide ␤and/or ␥-phosphoryl groups. In contrast to the P-loop in ePKs, the ␣-kinase P-loop is not glycine-rich and contains an invariant basic residue (Arg-592; all numbering is for MHCK-A) that makes electrostatic contacts with the nucleotide phosphoryl groups. The ␤7 strand contains a second invariant basic residue (Lys-645) that forms a salt bridge with an invariant glutamic acid residue (Glu-713) in the hinge loop connecting the N-and C-lobes. This interaction positions the Lys-645 side chain between the adenine base and the ␣-phosphoryl group. Lys-645 is the counterpart of the essential lysine residue in the ␤3 strand of ePKs, which is Lys-72 in the cAMPdependent protein kinase (PKA) (4, 21) . In active ePKs, the side chain of Lys-72 forms a salt bridge with an invariant glutamic acid residue (Glu-91) in the ␣C-helix and is positioned between the ␣and ␤-phosphoryl groups. The ␣C-helix represents another major point of difference between the ␣-kinases and ePKs. In the ␣-kinases the ␣C-helix runs obliquely from the top of the N-lobe to the bottom of the C-lobe, and thus it functions as a supporting scaffold that limits the ability of the two lobes to move relative to one another.
The bottom of the ␣-kinase catalytic cleft is formed by residues in the C-lobe. An extended sequence that runs along the outer edge of the catalytic cleft contains a highly conserved lysine residue (Lys-722), and inside of this is a catalytic loop containing three invariant residues (Asp-756, Gln-758, and Asp-766). The functions of Asp-756, Lys-722, and Gln-758 have not been examined in detail, but they take up positions similar to the conserved Asp-166, Lys-168, and Asn-171 residues in the PKA catalytic loop. Asp-766 is essential for catalysis and, unexpectedly, is phosphorylated in some crystal structures of the ␣-kinase domain of MHCK-A (termed A-CAT) (19) . A structure of A-CAT crystallized in the presence of MgATP contains ADP and a phosphorylated Asp-766 (Asp(P)-766), showing that the ␥-phosphate can be transferred to Asp-766. The-Asp(P)-766 phosphoryl group is directed away from the nucleotide, which binds into the left-hand side of the catalytic cleft, toward the right-hand side of the cleft where it is exposed to solvent. The right-hand side of the catalytic cleft is adjacent to a structure unique to the ␣-kinases, termed the N/D-loop, that contains an invariant asparagine/aspartate residue of unknown function. The N/D-loop is involved in binding the protein substrate and is proposed to undergo a conformational change that regulates access of the protein substrate to the active site (19, 22) . Thus, Asp-766 may function as an intermediate to transfer phosphoryl groups from the nucleotide to the protein substrate.
The counterpart to Asp-766 in PKA is Asp-184. Asp-184 is part of the highly conserved DFG motif and functions to chelate an essential Mg 2ϩ ion that bridges the ␤and ␥-phosphoryl groups of ATP (23) . It is well established that PKA catalyzes a direct in-line transfer of the ␥-phosphate to the protein substrate hydroxyl group without forming a phosphoenzyme intermediate (23, 24) . Interestingly, however, the residue equivalent to Asp-184/Asp-766 is phosphorylated in crystal structures of two eukaryotic RIO kinases (25, 26) . The RIO kinases are an ancient atypical protein kinase family present in prokaryotes and eukaryotes that play a role in small ribosomal subunit biogenesis. It is thought that the primary purpose of aspartyl phosphate formation in the RIO kinases is to drive a conformational change in the kinase domain, but a role in protein substrate phosphorylation cannot be excluded (27) . These results highlight the possibility that despite sharing similar active sites, the functions of conserved catalytic residues in some atypical protein kinases may diverge from those of their well studied counterparts in the ePKs.
In this study, we present structural and biochemical data that show that A-CAT can hydrolyze ATP to adenosine and that Asp-766 sequentially accepts the ␥-, ␤-, and ␣-phosphoryl groups from the nucleotide. Evidence is also presented that A-CAT can use ADP to phosphorylate protein and peptide substrates. The nucleotide binding properties of A-CAT have been characterized using fluorescent nucleotide analogs, and sitedirected mutagenesis is used to define the roles played by several conserved and nonconserved active site residues in nucleotide binding, ATPase activity, and kinase activity.
Experimental Procedures
Chemicals and Reagents-ATP, ADP, AMP, GTP, UTP, ITP, 2Ј-deoxy-ATP, and 3Ј-deoxy-ATP were obtained from Sigma. 2Ј,3Ј-O-(N-Methylanthraniloyl)-ADP (mant-ADP), mant-ATP, and ATP␥S were obtained from Jena Bioscience. Radioactively labeled [␥-32 P]ATP and [ 35 S]ATP␥S were obtained from PerkinElmer Life Sciences.
Plasmid Constructs, Protein Expression, and Purification-A-CAT, comprising residues 552-841 of MHCK-A, was cloned into the pET-28a vector (Novagen) as reported previously (28) . Site-directed mutagenesis was performed using the QuikChange II XL kit (Stratagene). Wild-type and mutant forms of A-CAT, containing an N-terminal His tag and tobacco etch virus protease site, were expressed in Escherichia coli BL21(DE3) cells and purified at 4°C using His-Bind resin (Novagen) and DE53 and SP-Sepharose Fast Flow columns (GE Biosciences) (19) . Yields from a 4-liter bacterial culture ranged from 0.4 mg for the A-CAT-E713A mutant to 5 mg for the A-CAT-D663A mutant. For crystallization, the His tag was cleaved off by overnight incubation at 4°C with His-tagged AcTEV protease (Life Technologies, Inc.). The protease was removed by chromatography over a His-Bind column, and A-CAT was concentrated to 0.25 mM using a 10,000 molecular weight cutoff Ultrafree-4 centrifugal filtration unit (Millipore).
Crystallization Procedures and Structural Determination-A-CAT was crystallized at 4°C using the hanging-drop vapor diffusion method. Diffraction-quality crystals of A-CAT in a complex with AMP (A-CAT⅐AMP⅐P) were obtained by mixing 0.25 mM A-CAT with 2 mM MgCl 2 , 2 mM ATP, and 1.25 mM of the 9-mer peptide substrate AAYKTKKKK (8) . Crystallization drops were then set up by mixing 1 l of A-CAT with 1 l of mother liquor solution (200 mM NaH 2 PO 4 , 20% (w/v) polyeth-ylene glycol 8000, and 100 mM Tris-HCl, pH 7.5). Diffraction quality crystals of A-CAT in a complex with adenosine (A-CAT⅐ADN⅐P) were obtained by mixing 0.25 mM A-CAT with 2 mM MgCl 2 , 2 mM ATP, and 2 mM of the 16-mer peptide substrate MH-1 (RKKFGESEKTKTKEFL) (28) . Crystallization drops were then set up by mixing 1 l of A-CAT with 1 l of mother liquor solution (200 mM NaH 2 PO 4 , 18 -20% (w/v) polyethylene glycol 8000, and 100 mM sodium cacodylate, pH 7.4). Crystals were frozen in liquid nitrogen after being dipped into buffer solution containing 25% (v/v) ethylene glycol as cryoprotectant. Diffraction data were collected on the F1 beamline at the Cornell High Energy Synchrotron Source (Cornell, New York). Data were integrated and merged using the HKL2000 suite program (29) . The structures were solved by the molecular replacement method using the known structure of A-CAT (Protein Data Bank code 3LKM) devoid of nucleotide, Zn 2ϩ , Mg 2ϩ , and H 2 PO 4
Ϫ ions and the AutoMR program from the PHASER crystallography software suite (30) . Manual model rebuilding was performed using Coot (31) , and refinement was carried out using CNS, PHENIX, and REFMAC5 (32) (33) (34) . After refinement, the quality of the model was checked using PRO-CHECK (35) . The electron density for A-CAT⅐ADN⅐P chains A and B was clear and continuous except for the absence of Ala-651 and residues C-terminal to Gly-810 (chain A) or Gly-822 (chain B). For A-CAT⅐AMP⅐P electron density was lacking for residues 652-654 and 653 in chains A and B, respectively, for residues 702-703 (chain B) and for residues C-terminal to Lys-808. No electron density was visible for the substrate included in the crystallization buffer. Graphics were produced using The PyMOL Molecular Graphics System, Version 1.7.4 Schrödinger, LLC.
Nucleotide Binding Assays-Assays were carried out in 50 mM NaCl, 1 mM dithiothreitol, 20 mM Tris, pH 7.0, with or without 2 mM MgCl 2 . Each binding experiment involved addition of 24 different concentrations of mant-ADP or mant-ATP to sample wells on a 96-well plate in the presence or absence of 5 M A-CAT. The final assay volume was 100 l. Fluorescence spectra were recorded using a SpectraMax Gemini XS fluorescence plate reader (Molecular Devices) with excitation and emission slits set to 2 and 5 nm, respectively. Mant-nucleotide concentration was determined using a 340-nm excitation wavelength and measuring emission at 431 nm with a 530-nm cutoff filter. Fluorescence resonance energy transfer (FRET) from A-CAT to the mant-nucleotide was measured using a 280-nm excitation wavelength and a 431-nm emission wavelength. Corrections were made to compensate for the inner filter effect due to mant-nucleotide absorbance. The increase in fluorescence (⌬F) in the presence of A-CAT was used to calculate the dissociation constant (K d ) for the mant-nucleotide using Equation 1,
where [A o ] and [M o ] are the initial concentrations of A-CAT and mant-nucleotide, respectively, and Q MA is a multiplicative constant that reflects both the photophysical properties of the probe and the sensitivity of the fluorescence reader. Values for K d and Q MA were obtained by fitting the ⌬F versus [M o ] curve using Excel software (Microsoft). To limit inaccuracies caused by corrections for the inner filter effect, the maximum mant-ATP concentration that was used in the assays was 150 M. Therefore, K d values could not be accurately estimated for A-CAT mutants that were less than 60% saturated at 150 M mant-ATP. Competition experiments were performed by titrating mant-ADP into solutions containing a fixed concentration of nucleotide. K d values were calculated using Equation 2,
where [I] is the concentration of the competing nucleotide, and K d, M and K obs are the dissociation constants for mant-ADP observed in the absence and presence of the nucleotide. Each titration was repeated three times using three different concentrations of the competing nucleotide.
Kinase and Hydrolytic Assays-Kinase and hydrolytic assays were carried out at 22°C in a buffer containing 2 mM MgCl 2 , 1 mM dithiothreitol, and 20 mM TES, pH 7.0. Kinase assays contained 20 M myelin basic protein (MBP), 0.5 M A-CAT, and except where indicated, 200 M [␥-32 P]ATP (specific activity of 100 cpm/pmol). Incorporation of 32 P into MBP was quantified by spotting 20-l aliquots of the reaction mixture onto squares of Whatman P81 phosphocellulose paper. The paper squares were washed in 1% phosphoric acid, immersed in Scintiverse Universal LS Mixture (Fisher Scientific) and counted using a Beckman LS 9000 scintillation counter. Assays were also carried out in which ADP was used as the substrate. The assays contained 500 M ADP, 1 M A-CAT or kinase-dead A-CAT-D766S, and either 250 M YAYDTRYRR peptide or 12 M MBP that had been dephosphorylated prior to use by treatment with alkaline phosphatase-agarose (P0762, Sigma Aldrich). Assays containing the YAYDTRYRR peptide were allowed to proceed for 12 h and were analyzed by electrospray ionization (ESI)-MS/MS using a Thermo Scientific Orbitrap Velos Pro mass spectrometer. All identified peaks had a mass error less than 5 ppm (where ppm ϭ (M cal Ϫ M exp )/(M cal ) ϫ 10 Ϫ6 ). Assays containing MBP were stopped by addition of SDS sample loading buffer and boiled for 5 min. Samples were analyzed by electrophoresis on 10% SDS-polyacrylamide gels polymerized in the presence or absence of 50 M Phos-tag acrylamide (Phos-tag Consortium, Hiroshima, Japan) and in the presence of 0.1 mM MnCl 2 . Nucleotide hydrolysis assays contained 10 -1200 M nucleotide, with routine measurements of ATPase activity carried out using 250 M ATP. Release of inorganic phosphate (P i ) was measured using the PiColorLock Gold phosphate detection system (Innova Biosciences). Data from the initial linear portion of the time courses were used to calculate kinase and hydrolytic activity. Results represent the mean and standard deviation of at least three separate experiments. tion site (Thr-825) required for activity (28, 36) . Crystallization of A-CAT in the presence of MgATP has yielded structures with ADP (A-CAT⅐ADP⅐P) and AMP (A-CAT⅐AMP) bound to the inter-lobe cleft ( Table 1 ) (19) . Asp-766 is phosphorylated in the A-CAT⅐ADP⅐P structure but not the A-CAT⅐AMP structure. Here, we report crystal structures for A-CAT bound to AMP (A-CAT⅐AMP⅐P) and to adenosine (A-CAT⅐ADN⅐P), both obtained by crystallization from a buffer containing MgATP (Fig. 1A) . The A-CAT⅐AMP⅐P and A-CAT⅐ADN⅐P structures were solved to a resolution of 2.4 and 2.0 Å, respectively. The diffraction data statistics for the two structures are summarized in Table 2 . The asymmetric unit contained two molecules of A-CAT⅐AMP⅐P or A-CAT⅐ADN⅐P, arranged in a back-to-back manner as described for the A-CAT⅐ADP⅐P structure (19) . In both the A-CAT⅐AMP⅐P and A-CAT⅐ADN⅐P structures, there was extra electron density associated with the side chain of Asp-766 ( Fig. 1, B and C) . The density allowed a phosphoryl group to be unambiguously placed in a covalent bond with Asp-766. Taken together, the results demonstrate that A-CAT has the ability to sequentially remove the three phosphoryl groups from ATP to generate adenosine. Moreover, it would appear that each phosphoryl group is transferred from the nucleotide to generate a phosphorylated Asp-766 (Asp(P)-766) residue.
Alignments of the A-CAT⅐ADN⅐P, A-CAT⅐AMP⅐P, and A-CAT⅐ADP⅐P structures showed that they are nearly identical, with root mean square deviations ranging from 0.24 to 0.34 Å for the C␣ atoms. Notably, the positions of the P-loop and key active site residues, including Asp(P)-766, are essentially the same in all three structures ( Fig. 1D) . Thus, the nucleotide ␣and ␤-phosphoryl groups do not play an important role in organizing the active site. The Asp(P)-766 side chain is directed away from the nucleotide toward the N/D-loop. The side chain adopts alternate configurations in the two A-CAT⅐ADN⅐P and A-CAT⅐AMP⅐P chains; in one chain, the unphosphorylated O␦2 atom points in toward the ␣C helix, and in the other chain, it points outs toward the solvent where it forms a hydrogen bond with the Gln-758 side chain (Fig. 1, D and E) . In both configurations, the Asp(P)-766 phosphoryl group interacts with the side chains of Arg-592, Asp-663, Asp-756, and Gln-768. Between 1 and 6 water molecules are within 4 Å of the phosphoryl group in the A-CAT⅐ADN⅐P and A-CAT⅐AMP⅐P structures.
A free P i molecule (Pi1) is bound to the P-loop in the A-CAT⅐ADN⅐P structure but not in the A-CAT⅐AMP⅐P struc-ture ( Fig. 1, B and C) . Pi1 forms hydrogen bonds with the main chain amides of Ala-590, Leu-591, and Arg-592 and makes an electrostatic interaction with the side chain of Arg-592 ( Fig.  1E ). A free P i molecule bound to the P-loop was previously detected in the A-CAT⅐AMP structure ( Table 1) . When the catalytic cleft contains ADP, the P-loop binds the ␤-phosphoryl group (Fig. 1D) (19, 20) .
Catalytic Activity of A-CAT-A-CAT has been shown to convert ATP to AMP, but its ability to generate adenosine has not been described previously (19) . The rates at which A-CAT catalyzes hydrolysis of ATP, ADP, and AMP were measured using an assay that detects formation of P i . A-CAT hydrolyzed ATP with a k cat of 1.92 min Ϫ1 , which is similar to the value previously determined by following release of 32 P i from [␥ 32 P]ATP ( Fig. 2 and Table 3 ) (36) . ADP and AMP were hydrolyzed at rates 3and 6-fold slower than ATP, respectively ( Fig. 2 and Table 3 ). The assays yielded K m values for ATP, ADP, and AMP of 35 Ϯ 1, 71 Ϯ 23, and 270 Ϯ 90 M, respectively.
The ability of A-CAT to use ADP to phosphorylate protein and peptide substrates was examined. In one experiment, A-CAT was incubated with MBP in the absence of nucleotide or in the presence of 0.5 mM ATP or 0.5 mM ADP. The samples were then electrophoresed on an SDS gel containing a polyacrylamide-bound Mn 2ϩ -Phos-tag molecule that causes phosphorylated proteins to migrate with a reduced mobility (37) . Lower mobility, phosphorylated forms of MBP were detected in the samples incubated in the presence of ATP or ADP but not in samples without nucleotide ( Fig. 2A ). MBP phosphorylation did, however, appear to be slower and less extensive when ADP was used as the substrate. In a second experiment, the YAY-DTRYRR peptide was incubated with A-CAT or a kinase-dead A-CAT-D766S mutant in the presence of ADP. Mass spectrometry was used to detect the incorporation of a phosphoryl group into the peptide. The control sample incubated with A-CAT-D766S contained only a peak corresponding to the unphosphorylated peptide ( Fig. 2C) . In contrast, an abundant peak representing the phosphorylated peptide was detected in the sample incubated with ADP and A-CAT (Fig. 2D ). The results show that A-CAT can utilize ADP to phosphorylate both peptides and proteins.
Nucleotide Binding Properties of A-CAT-The nucleotide binding properties of A-CAT were investigated using derivatives of ATP and ADP that have a fluorescent methylanthraniloyl group coupled to the ribose 2Ј-or 3Ј-hydroxyl group (mant-ATP and mant-ADP) (38) . Binding of mant-ATP and mant-ADP to A-CAT increased the fluorescence emission at 430 nm by 4-fold when the excitation wavelength was 280 nm (Fig. 3A) . This increase can be attributed to fluorescence resonance energy transfer (FRET) from aromatic residues in A-CAT to the mant group. Titration curves based on the increase in fluorescence intensity at 430 nm yielded K d values for mant-ATP of 4.8 and 14 M and for mant-ADP of 15 and 70 M in the presence and absence of 2 mM MgCl 2 , respectively (Fig. 3, B and C and Table 4 ).
Competition binding assays with mant-ADP were used to measure the binding affinity of A-CAT for other nucleotides. The assays yielded a K d value for ATP of 20 Ϯ 3 M in the presence of 2 mM MgCl 2 (Fig. 3D and Table 4 ). ADP and AMP bound 3-and 8-fold less tightly than ATP, respectively ( Table   4 ). The K d values measured for the nucleotides are somewhat lower than the K m values determined in the hydrolysis assays but follow a very similar trend.
A-CAT bound adenosine with a K d value of 45 Ϯ 15 M ( Table 4 ). The relatively tight binding of adenosine shows that the phosphoryl groups play a relatively minor role in the binding interaction. Indeed, the ␣-phosphoryl group of AMP represents a strong negative binding determinant. A-CAT bound cAMP with a K d value similar to adenosine, showing that cyclization eliminates the negative interactions of the ␣-phosphate (Table 4 ). AMPPNP, which has an imido group in place of the ␤-␥ bridging oxygen, bound with an affinity comparable with ATP. ATP␥S, which has a sulfur atom in place of one of the ␥-phosphate oxygen atoms, bound about 2-fold less tightly than ATP. Nevertheless, kinase assays carried out using Residues Involved in Nucleotide Binding and Catalytic Activity-Several residues in the active site of A-CAT were mutated to investigate their roles in nucleotide binding, ATPase, and kinase activities. Mant-ATP binding was most strongly impaired by mutation of two residues (Glu-713 and Lys-645) that directly interact with the adenine base ( Fig. 4 and Table 5 ). Circular dichroism spectrum showed that the E713A and K645R mutants were properly folded but had a 5-7% lower ␣-helical content, suggesting that these mutations may have both direct and indirect effects on nucleotide binding. The binding of mant-ATP to these mutants was too weak to be accurately measured but was estimated to be greater than 300 M. The results indicate that the interaction between the adenine N6 amino group and Glu-713 plays a key role in nucleotide recognition by A-CAT. This interaction was further examined by using ITP and GTP in competition binding assays. ITP and GTP bound 10 -20-fold less tightly than ATP, demonstrating that the N6 amino group is critical for binding to A-CAT (Table  4 ). As expected, the Glu-713 and Lys-645 mutants exhibited very low kinase and ATPase activities (Fig. 5A) .
Leu-716 and Phe-720 make hydrophobic interactions with the adenine base ( Fig. 4) . Mutation of Leu-716 to serine decreased mant-ATP binding affinity by 12-fold and strongly inhibited kinase and ATPase activities, indicating that Leu-716 plays an important role in forming the hydrophobic pocket that binds the adenine base ( Table 5 and Fig. 5A ). In contrast, the F720S mutation had little effect on mant-ATP binding. Nevertheless, the F720S mutation abolished kinase activity and strongly inhibited ATPase activity, showing that Phe-720 plays a critical role in catalysis that is independent of nucleotide binding.
A-CAT contains two highly conserved basic residues that interact with the nucleotide phosphoryl groups: Arg-592 in the P-loop and Lys-722 in the C-lobe. Mutation of Arg-592 or Lys-722 only modestly reduced the binding affinity of mant-ATP (Table 5 ). Consistent with these results, steady-state kinetic analysis of the R592L and K722N mutants showed a small 2-3fold increase in the K m for ATP ( Fig. 5B and Table 3 ). The turnover numbers for the R592L and K722N mutants in the ATPase and kinase assays were 3-and 6-fold lower than that of the wild-type enzyme, respectively. Thus, the Arg-592 and Lys-722 residues enhance the efficiency of catalysis but do not play crucial roles in the phosphotransferase reaction.
The phosphoryl group of Asp(P)-766 forms hydrogen bonds with the invariant Asp-756 residue and the poorly conserved Asp-663 and Gln-758 residues (Fig. 1E ). The D663A, D756A, and D766S mutants bound mant-ATP somewhat more tightly than the wild-type enzyme, suggesting that this cluster of negatively charged residues may be involved in unfavorable charge interactions with the ␥-phosphoryl group ( Table 5 ). The D756A mutation abolished kinase activity and reduced ATPase activity by 10-fold ( Fig. 5A) (19) . The D766S mutation completely eliminated kinase and ATPase activity (Fig. 5A) . Moreover, the D766S mutant was unable to hydrolyze ADP and AMP, showing that Asp-766 plays an essential role in the removal of all three phosphoryl groups.
Interestingly, the D663A mutation inhibited kinase activity to a much greater extent than ATPase activity (Fig. 5A) . These results suggest that Asp-663 plays a specific role in the recognition and/or the phosphorylation of the protein substrate. 
Role of Mg 2ϩ Ion-chelating Groups-A-CAT requires
Mn 2ϩ or Mg 2ϩ for activity (28) . In the absence of divalent cations, mant-ATP, mant-ADP, ATP, and ADP bound 3-8fold less tightly to A-CAT ( Table 4 ). The absence of divalent cations did not, however, impair the binding of AMP or adenosine. The effects of divalent cations therefore depend on interactions with the nucleotide ␤and ␥-phosphoryl groups.
In some, but not all, A-CAT structures, a Mg 2ϩ ion (Mg1) is coordinated by the ribose 3Ј-hydroxyl, the nucleotide phosphoryl groups, and Gln-758, and a second Mg 2ϩ (Mg2) is ligated by Asp-766, Gln-768, and the backbone carbonyl of Pro-767 ( Fig.  4) (19) . To test whether Mg1 is required for catalysis, we carried out assays with 3Ј-deoxy-ATP (d3ЈATP) and mutated Gln-758 to alanine. The absence of the ribose 3Ј-hydroxyl group and the Q758A mutation had only a modest effect (1.5-2-fold) on Table 3 . B, Phos-tag gel analysis of MBP phosphorylation. Kinase assays were carried out using A-CAT and MBP in the absence of nucleotide or with 0.5 mM ATP or 0.5 mM ADP as described under "Experimental Procedures." Samples were taken at the indicated times (ON ϭ 12 h) and electrophoresed on SDS gels polymerized in the presence (ϩ) or absence (Ϫ) of the Phos-tag molecule. The gels were stained with Coomassie Blue to visualize proteins. Phosphorylated forms of MBP (P-MBP) electrophorese with a reduced mobility in the presence of the Phos-tag molecule. C and D, mass spectrometry analysis of the YAYDTRYRR peptide incubated with ADP and kinase-dead A-CAT-D766S (C) or A-CAT (D). The full MS spectra of [M ϩ 2H] 2ϩ in the positive mode is shown. A peak corresponding to the unphosphorylated peptide (m/z ϭ 652.83) was detected in the sample incubated with A-CAT-D766S. An abundant peak corresponding to the phosphorylated peptide (m/z ϭ 692.81) was detected in the sample incubated with A-CAT. Kinase assays were performed as described under "Experimental Procedures."
TABLE 3 Hydrolytic and kinase activities for wild-type and mutant A-CAT
nucleotide binding (Tables 4 and 5) . A-CAT hydrolyzed d3ЈATP with a k cat of 0.66 Ϯ 0.03 min Ϫ1 , which is only about 3-fold lower than the rate of ATPase hydrolysis. Conversely, the Q758A mutation abolished ATPase activity and reduced kinase activity by 20-fold (Fig. 5A ). It can be concluded that chelation of Mg1 by the invariant Gln-758 residue, but not by the ribose 3Ј-hydroxyl group, plays an essential role in catalysis.
The Mg2-binding site was probed by mutating Gln-768 to alanine. The Q768A mutation had no effect on the binding of mant-ATP (Table 5 ) but, surprisingly, increased ATPase activity by 2-fold while at the same time reducing kinase activity by 30% (Fig. 5A) . The results indicate that Gln-768 may play an important role in excluding water from the active site and thus enhancing the stability of Asp(P)-766.
Discussion
A-CAT is an excellent model in which to investigate the basic properties of the ␣-kinases, because it consists of little more than a core ␣-kinase domain, is catalytically active, and is structurally well characterized. The ␣-kinase active site is highly conserved so that the catalytic properties of A-CAT are likely to be typical of those of other family members. We show here that A-CAT has the unusual ability to catalyze the hydrolysis of ATP to adenosine and we provide evidence that each of the three phosphoryl groups is transferred sequentially to Asp-766. We also describe the nucleotide binding properties of A-CAT and have defined the roles played by key active site residues in nucleotide binding, ATPase activity, and kinase activity.
A-CAT Catalytic Mechanism-A-CAT is a very active protein kinase with a turnover rate as high as 10 s Ϫ1 and is a much less active ATPase with a turnover rate of about 1.9 min Ϫ1 (8, 19, 28) . A-CAT is also able to hydrolyze ADP to AMP, and we show here that it can hydrolyze AMP to adenosine. The turnover rates for these two activities were determined to be ϳ0.6 and 0.3 min Ϫ1 , respectively. Consequently, A-CAT crystallized from solutions containing MgATP may have ADP, AMP, or adenosine bound to the catalytic cleft ( Table 1 ). The identity of Table 4 . Residues in A-CAT that interact with ATP, Mg1, and Mg2 (magenta spheres) and that were examined in this study by site-directed mutagenesis are shown as sticks. Acidic residues are colored blue, and basic residues salmon and other residues are gray. the bound nucleotide presumably depends on factors such as the time required for crystal growth and the composition of the crystallization solution. We also demonstrate that A-CAT can use ADP to phosphorylate proteins and peptides. These catalytic properties distinguish A-CAT from members of the ePK superfamily, such as PKA, which employ only ATP as a substrate.
In previous work, crystallization of A-CAT from a buffer containing MgATP resulted in a structure with ADP bound to the catalytic cleft and a phosphorylated Asp-766 (Asp(P)-766) residue (19) . This result demonstrated that the ATP ␥-phosphoryl group could be transferred, either directly or indirectly, to Asp-766. The structures described here now show that Asp-766 is phosphorylated when AMP or adenosine are bound to the inter-lobe cleft. The most straightforward interpretation of these results is that the hydrolysis of ADP to AMP and AMP to adenosine also results in the transfer of the phosphoryl group to Asp-766. Thus, as ATP is hydrolyzed to adenosine, the three phosphoryl groups are transferred in a stepwise manner to Asp-766. This result is consistent with the finding that mutation of Asp-766 to serine eliminated the ATPase, ADPase, and AMPase activities of A-CAT and that ADP can function as a substrate for protein phosphorylation. The A-CAT⅐AMP structure indicates that a direct transfer of the AMP ␣-phosphate to Asp-766 is feasible. The Asp-766 side chain carboxylate and the ␣-phosphorus atom are 3.4 Å apart. A small clockwise rotation of the Asp-766 side chain would reduce this distance to 3.0 Å and position the carboxylate for a direct in-line attack on the ␣-phosphorus atom. We have not, however, been able to demonstrate that A-CAT can phosphorylate proteins using AMP as a substrate. It is less clear how the ␤and ␥-phosphoryl groups might be transferred to Asp-766. The only structure of A-CAT bound to ADP has a phosphorylated Asp-766, so that the position of the Asp-766 side chain in relation to the ␤-phosphoryl group prior to the phosphorylation reaction is not known (19) . A structure with AMPPCP in the active site shows that the ␥-phosphate is directed away from the Asp-766 side chain (19) . It is noteworthy that all A-CAT structures that contain Asp(P)-766 have been crystallized in the presence of a peptide substrate. Although the peptide substrate does not appear in the final crystal structure, it is possible that the transient binding of the peptide is required for the nucleotide phosphoryl groups to take up positions suitable for transfer to Asp-766.
Conformational Changes in A-CAT-The crystal structures of the atypical eukaryotic Rio1 and Rio2 kinases show that the active site contains an aspartyl phosphate residue (25, 26) . The residue phosphorylated is the equivalent to Asp-766 in A-CAT. The RIO kinases hydrolyze ATP at a rate similar to A-CAT (k cat of 0.9 min Ϫ1 ) but have very low kinase activity, estimated to be 50 -100-fold lower than their ATPase activity (27) . It has FIGURE 5 . Kinase and ATPase activities of wild-type and mutant A-CAT. A, kinase and ATPase activity of wild-type (WT) A-CAT and the indicated mutants were assayed as described under "Experimental Procedures." B, ATPase and kinase activities for the WT A-CAT and the R592L and K722N mutants were assayed at varying ATP concentrations. The kinetic constants obtained by fitting the data to a hyperbolic curve are listed in Table 3 .
been proposed that the RIO kinases function primarily as ATPases, with phosphorylation of aspartic acid being used to drive a conformational change in the RIO kinase domain that regulates its binding interactions. The A-CAT⅐AMP⅐P i structure reported here, together with the previously described A-CAT⅐AMP structure, allows a direct comparison of two A-CAT structures bound to AMP that differ in the phosphorylation state of Asp-766. An alignment of the two structures shows that the phosphorylation of Asp-766 causes the P-loop to shift upwards and the N/D-loop to move outwards by 2-3 Å.
These conformational changes open up the right-hand side of the inter-lobe cleft, which could potentially alter protein substrate binding. In addition, the presence of Asp(P)-766 changes the electrostatic properties of the catalytic cleft, which could further influence the selection of protein substrates. Nevertheless, the conformational changes are small and are localized to the putative protein substrate-binding site. It seems unlikely that the primary function of Asp-766 phosphorylation in A-CAT is to drive a conformational change.
A crystal structure of an archaeal Rio1 kinase obtained in the absence of added nucleotides has adenosine in the active site (39) . This result implies that the RIO kinases, like A-CAT, are able to hydrolyze ATP to adenosine. Rio1 bound to adenosine has a significantly different conformation than Rio1 bound to ADP, indicating that removal of the ␣and ␤-phosphoryl groups could be of functional relevance (39) . In contrast, the structure of A-CAT remains essentially the same whether bound to ADP, AMP, or adenosine.
Asp-663 and Gln-768 Modulate Catalytic Activity-The phosphoryl group of Asp(P)-766 is directed away from the nucleotide to interact with Asp-756, Asp-663, and Gln-768 on the right-hand side of the catalytic cleft (Fig. 1E ). This region of the catalytic cleft is thought to form the docking site for protein substrates with the invariant Asp-756 residue fulfilling the function of the catalytic base (19) . Asp-663, which is conserved in about 50% of ␣-kinases, has been proposed to play a role in the recognition of basic residues in the peptide substrate (19) . This proposal is supported by the finding that mutation of Asp-663 to alanine inhibited kinase activity to a much greater extent than ATPase activity. In eukaryotic elongation factor 2 kinase, a double mutation of Glu-183 and Asp-184 (the residue equivalent to Asp-663) to alanine inhibits kinase activity, again consistent with a role in protein substrate recognition (22) .
The position of Gln-768 in the A-CAT active site is similar to that of Phe-187, the DFGϩ1 residue, in PKA ( Fig. 6) (40) . Phe-187 helps to exclude water from the active site when PKA is in the active, closed conformation (41) . Mutation of Gln-768 to alanine doubled the ATPase activity of A-CAT but reduced kinase activity by 30%, suggesting that Gln-768 functions to protect Asp(P)-766 from hydrolysis. In ePKs, the DFGϩ1 residue is a major determinant governing serine or threonine phosphorylation site specificity (40) . We therefore examined whether the Q768A mutation altered the high degree of threonine specificity exhibited by A-CAT. Kinase assays with pairs of peptides containing either serine or threonine at the phosphoacceptor site showed that the A-CAT-Q768A mutant strongly preferred to phosphorylate the threonine-containing peptides (data not shown). Thus, the molecular basis for the threonine specificity exhibited by A-CAT remains unexplained.
Lys-645 and Glu-713 Play Critical Roles in Nucleotide Binding-The nucleotide binding properties of A-CAT differ somewhat from those described for PKA. In the presence of Mg 2ϩ , A-CAT bound ATP 2-3-fold more tightly than ADP and exhibited a higher affinity for mant-ATP than mant-ADP. In contrast, PKA binds ATP and ADP with the same affinity (K d ϭ 10 M) and prefers to bind mant-ADP (K d ϭ 9 M) rather than mant-ATP (K d ϭ 36 M) (38, 42) . A-CAT also exhibited a significantly higher affinity for AMP (K d ϭ 160 M) than PKA (K d ϭ 640 M) (42) . The altered distribution of positively charged residues in the two active sites is likely to account for these differences ( Fig. 6 ). In particular, the presence of the highly conserved Arg-592 residue in the P-loop provides A-CAT with an extra basic residue with which to neutralize the negative charges on the nucleotide phosphoryl groups.
A-CAT bound adenosine almost as tightly as ATP (K d values of 45 and 20 M, respectively). The primary energy for nucleotide binding is therefore derived from interactions with the adenine ring. In agreement with this, the binding of mant-ATP to A-CAT was most severely affected by the mutation of three residues (Leu-716, Lys-645, and Glu-713) that directly contact the adenine ring (Fig. 4) .
The invariant Lys-645 residue in the ␤7 strand and the invariant Glu-713 residue in the hinge connecting the N-and C-lobes participate in a salt bridge interaction. This interaction positions the side chain of Lys-645 to interact with the N2 atom of the adenine base and the ␣-phosphoryl group. In contrast, the equivalent residue in PKA, Lys-72, interacts electrostatically with Glu-91 in the ␣C-helix and, as a result, is positioned between the ␣and ␤-phosphoryl groups of ATP ( Fig. 6) (43) . Mutation of Lys-72 to alanine in yeast PKA or to arginine in ERK2 and Lck strongly inhibits kinase activity but has little or no effect on the K m value for ATP (44 -46) . The invariant N-lobe lysine residue therefore performs different functions in A-CAT and PKA, as might be predicted based on their distinct interactions with the nucleotide. Lys-645 in A-CAT plays a critical role in binding the nucleotide, whereas Lys-72 in PKA plays an essential role in the phosphoryl transfer reaction. There is no residue equivalent to Glu-713 in PKA. Glu-713 is likely to play a central role in defining the nucleotide specificity of A-CAT via a hydrogen bond interaction with the adenine N6 amino group.
The side chain of Phe-720 lies below the adenine ring and ribose moiety (Fig. 4) . A Phe-720 to serine mutation did not impair nucleotide binding but did strongly inhibit catalytic activity. Phe-720 is conserved in the ␣-kinases in terms of hydrophobicity but not in terms of exact residue identity. The side chain of Phe-720 extends inward to make a hydrophobic interaction with the side chain methyl group of the conserved Thr-765 residue in the innermost catalytic loop, suggesting that its primary function is to anchor and properly position the three catalytic loops.
Chelation of Mg1 by Gln-758 Is Essential for Catalysis-Mg 2ϩ enhanced the binding of ATP and ADP, but not AMP or adenosine, to A-CAT. The Mg 2ϩ independence of AMP binding is at odds with the observation that the A-CAT⅐AMP structure, like the A-CAT⅐ADP and A-CAT-D766A⅐ATP structures, contains a Mg 2ϩ ion (Mg1) ligated by the ribose 3Ј-hydroxyl group, the ␣-phosphoryl group, and the highly conserved Gln-758 residue (19) . This result can be reconciled if Mg1 does not play an important role in promoting the binding of nucleotide to A-CAT but, instead, functions primarily in catalysis. Strong support for this interpretation comes from the finding that the mutation of Gln-758 to alanine decreased only slightly the binding affinity for mant-ATP but severely impaired catalytic activity. Chelation of Mg1 by Gln-758 is therefore likely to play an essential role in orienting the nucleotide phosphoryl groups for catalysis. The function of Gln-758 differs from its counterpart in PKA, Asn-171, which coordinates a nonessential Mg 2ϩ ion that bridges the ␣and ␥-phosphates ( Fig. 6 ) (4).
Mg1 is also coordinated by the ribose 3Ј-hydroxyl group. Interestingly, d3ЈATP, which lacks the 3Ј-hydroxyl group, was hydrolyzed at a rate only 3-fold lower than ATP. Thus, the absence of the 3Ј-hydroxyl group does not have nearly as great an effect on catalytic activity as the Q758A mutation. We interpret this result to show that Gln-758, which provides the sole protein ligand, has a much more critical role in the chelation of Mg1, and hence in the proper orientation of the nucleotide phosphates, than the ribose 3Ј-hydroxyl group. Indeed, ligation of Mg1 by the ribose 3Ј-hydroxyl group bends the AMPPCP phosphoryl groups into a U-shaped conformation that is not suitable for catalysis (19) .
The side chain of the invariant Lys-722 residue is positioned to interact with the ATP ␥-phosphate ( Fig. 4) . A K722N mutation reduced mant-ATP binding by less than 2-fold, increased the K m values for ATP by 2-3-fold, and reduced k cat by 6-fold. The equivalent residue in PKA is Lys-168 which, when mutated to alanine, increases the K m value for ATP by 2.5-fold and reduces k cat by 50-fold (46) . Theoretical analysis indicates that Lys-168 interacts with the transferring phosphoryl group throughout the reaction process and contributes to the stabilization of the product state (47) . Lys-722 clearly plays a less important role in the A-CAT phosphotransferase reaction than does Lys-168 in PKA, likely due to differences in the catalytic mechanisms employed by the two kinases.
In summary, the results presented here provide additional evidence that A-CAT, and by extension other ␣-kinases, exhibits catalytic properties that differ in important respects from those described for conventional ePKs. These include differences in the reactions catalyzed and the chemical mechanism of phosphoryl transfer, which in turn are reflected in altered functions for a number of key active site residues. Further work is required to understand how the unique catalytic properties of the ␣-kinases might influence their ability to regulate cellular processes such as cell motility, protein translation, and gene expression.
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